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Starch is the major constituent of wheat flour and the primary contributor to pasting properties of wheat flour (Goesaert et al 2005) . Processing, cooking, and textural characteristics as well as shelf life of many wheat-based food products are significantly related to pasting properties of starch (Baik and Lee 2003) . Because, among many physical and chemical characteristics of starch, it is agreed that amylose content has the greatest influence on pasting properties of wheat flour (Geera et al 2006) , wheat varieties are often classified as normal, partial waxy, and waxy types based on amylose content of starch. Starches from partial waxy wheat generally exhibit lower pasting temperature, higher peak viscosity, higher breakdown, and lower setback than starches of regular-type wheat . Yoo and Jane (2002) reported that waxy wheat starch showed a higher peak viscosity than normal wheat starch and a very sharp increase in paste viscosity at lower temperature but with low stability of paste viscosity.
Soft wheat flour with finer particles and both reduced amount of and weaker gluten-forming proteins than hard wheat flour is suitable for making cake, cookies, and pastry, whereas hard wheat flour is better suited for making bread-type products (Nagao et al 1976 (Nagao et al , 1977 Rogers et al 1993; Yamamoto et al 1996; Nishio et al 2009) . Sponge cake (SC) is a popular product of soft wheat flour in East Asian countries, and its quality depends considerably on wheat flour characteristics. Soft wheat flour of high quality is expected to produce SC with larger volume, fine and uniform crumb structure, and tender crumb. Kaldy and Rubenthaler (1987) reported that SC with flour of higher protein content or stronger gluten exhibited low volume and coarse texture. Regarding starch, Nishio et al (2009) indicated that SC volume was positively correlated with amylose content and sugar snap cookie diameter but negatively correlated with protein content, sodium dodecyl sulfate (SDS) sedimentation volume, water solvent retention capacity, sodium carbonate solvent retention capacity, sucrose solvent retention capacity, and lactic acid solvent retention capacity of flour, whereas within the normal and partial waxy lines, SC volume was significantly correlated with only amylose content and SDS sedimentation volume. Nishio et al (2011) reported that regardless of seeding season, growing conditions, or protein content, the volume of SC was strongly correlated with amylose content. Even though starch seems to be an important factor for making SC, with the exception of amylose content, little is known about the implications of starch characteristics for SC quality.
The objective of this study was to explore the significance of starch characteristics of wheat flour on SC quality. We investigated the influence of amylose content and pasting properties of wheat flour on SC quality. Quantitative and qualitative roles of starch on SC quality were also determined by using isolated starch of various amylose contents, blends of normal and waxy starch, and blends of starch and gluten for SC baking with minimum interference from other flour constituents.
MATERIALS AND METHODS

Materials.
Wheat flours were provided by the USDA-ARS Western Wheat Quality Laboratory (WWQL, Pullman, WA, U.S.A.). The flours were milled from grains of 10 regular soft white wheat genotypes (Eltan, ORCF102, Louise, IDO599, OR2040726, OR2060395, Stephens, ID9064901a, Brundage96, and KWP006), four single-null (Alturas, BZ604-002, BZ6m06-1001, and IDO644) and one double-null partial waxy soft white wheat, one waxy soft white wheat (Waxy Pen), and one club wheat (Cara) harvested in 2009. Two hard white wheat (Darwin, Silver) genotypes were also included for comparison purposes. SC flour, which was about 60% extraction flour milled from a blend of elite soft white and club varieties, was also provided by the WWQL.
The prime starches were fractionated from nine wheat flours (SC flour, Eltan, ORCF102, Cara, Alturas, a double-null line, Waxy Pen, Darwin, and Silver) by the modified dough-dispersion and centrifugation method (Czuchajowska and Pomeranz 1993) . Two commercial starches, corn starch (Argo, ACH Food Companies, Cordova, TN, U.S.A.) and potato starch (Swan potato starch flour, Noon Hour Food Products, Chicago, IL, U.S.A.), were also included for comparison purposes. A commercial wheat starch and a commercial vital wheat gluten were provided by Archer Daniels Midland (Decatur, IL, U.S.A.) and MGP Ingredients (Atchison, KS, U.S.A.), respectively, and used to determine the quantitative effect of starch and gluten on SC quality.
The protein content (N × 5.7) of flour was determined with a Leco FP-528 nitrogen analyzer (Leco, St. Joseph, MI, U.S.A.) equipped with a thermoconductivity detector (AACC International Approved Method 46-30.01). Amylose contents of flours and starches were determined with the iodine colorimetric method (Williams et al 1970) and expressed on a weight basis.
Fresh eggs were purchased from a local grocery store and cracked to obtain whole eggs. Pure cane baker's special sugar (C&H Sugar Company, Crockett, CA, U.S.A.) was used for the SC baking test.
Pasting Properties of Wheat Flour and Starch. Pasting properties of flour and starch were determined in replicate with a Brabender microviscoamylograph (C. W. Brabender Instruments, South Hackensack, NJ, U.S.A.). Wheat flour (11.5 g, dry weight basis) or starch (9.2 g, dry weight basis) was weighed into the container, and distilled water was added to achieve a total weight of 115 g, which was equivalent to 10% flour suspension and 8% starch suspension, respectively. The suspension was heated at a rate of 4.5°C/min from 30 to 95°C, held at 95°C for 5 min, cooled at a rate of -4.5°C/min to 50°C, and maintained for 3.5 min at 50°C with 250 rpm. Pasting temperature, peak viscosity, final viscosity, breakdown, and setback were collected from the pasting curves.
SC Baking Test. Wheat flour and starch were baked into SC following the modified procedure of Choi et al (2012) . Whole eggs (100 g) and sugar (100 g) were hand blended in a 5 L stainless steel bowl with a whisk to obtain a homogenous blend while warming to 41°C in a 50°C water bath and then were whipped with a KitchenAid stand mixer with an attached wire whisk for 9.5 min on speed level 6, followed by 0.5 min on speed level 1. Warm water (50°C, 40 mL) was added to egg foam at 7 min during whipping. To the whipped egg foam, wheat flour or starch (100 g) was added and gently mixed with a Beater Blade paddle for 10 s each on speed levels 1 and 4 to prepare a cake batter. The Beater Blade paddle resembles a regular paddle, but it is covered with silicon and features flexible rubber wings on the edge, allowing thorough mixing of batter by scraping the sides and bottom of the mixing bowl. The batter was poured into a round baking pan (15.2 cm diameter and 5.7 cm height), covered with baking paper, and then baked at 190°C for 35 min. Cake was removed immediately from the pan after baking and cooled at 25.6°C for 24 h. Volume of SC was determined through a rapeseed displacement method, and it was visually examined for internal crumb structure.
Effect of Starch Quality and Quantity on SC Quality. To explore the effect of amylose content of starch with minimum interference from other flour constituents on SC quality, starches with amylose contents of 25, 20, 15, and 10% were prepared by blending the commercial wheat starch and waxy starch at the ratio of 10:0, 8:2, 6:4, and 4:6, respectively, and baking into SC in replacement for wheat flour in the formula.
To investigate the effect of starch quantity on SC quality, SCs were also baked from the commercial wheat starches of various weights (100, 90, 80, 70, 60, 50, 40 , and 30 g) in replacement for wheat flour in the formula.
To estimate the quantitative role of starch in the presence of protein, simulated flours were prepared by blending the commercial wheat starch with vital wheat gluten in ratios of 100:0, 96:4, 94:6, 92:8, 90:10, 88:12, 85:15, 80:20, 75:25, 70:30, 60:40, 50 :50, and 0:100 (w/w) and baking into SC.
Statistical Analysis. Protein content, amylose content, SC volume, and pasting properties were all expressed as the means of at least two replicates. Data were subjected to analysis of variance, Fisher's least significant difference test at a significance level of P = 0.05, and Pearson correlation coefficient with the Statistical Analysis System (SAS Institute, Cary, NC, U.S.A.).
RESULTS AND DISCUSSION
Protein and Amylose Contents and SC Volume of Wheat Flour and Starch. The protein content of SC flour, soft white wheat flour, and club wheat flour (Eltan, ORCF102, Cara, Alturas, a double-null line, Waxy Pen, Louise, Bz604-002, Bz6M06-1001, IDO599, IDO644, OR2040726, OR2060395, Stephens, ID9064901a, Brundage96, and KWP006) ranged from 6.5 to 10.3%. Protein contents of two hard wheat flours (Darwin, Silver) were much higher than soft white and club wheat and were 12.5-12.6% (Table I) . The amylose contents of SC flour and soft white and club wheat flour of normal starch endosperm (Eltan, ORCF102, Cara, Louise, IDO599, OR2040726, OR2060395, Stephens, ID9064901a, Brundage96, and KWP006) ranged from 14.1 to 17.0%, whereas amylose contents of single-null and double-null partial waxy wheat flour (Alturas, a double-null line, BZ604-002, BZ6m06-1001, and IDO644) ranged from 9.4 to 13.9%. Amylose contents of hard wheat flour (Darwin, Silver) were 14.3-14.4% (Table I) , indicating normal starch endosperm.
SC flour produced the biggest SC of 1,335 mL in volume. SC volumes of soft white and club wheat flour of normal starch endosperm exhibited a large variation and ranged from 1,093 to 1,268 mL. Compared with soft white and club wheat of normal starch endosperm, single-null partial waxy white wheat flour produced similar volume (1,108-1,183 mL) of SC, whereas the double-null partial waxy wheat flour yielded smaller SC of 895 mL. The smallest volume (828 mL) of SC was produced from waxy white wheat flour. The large variations in SC volume among wheat flours possessing normal, single-null partial waxy, and double-null partial waxy starch endosperm signify the influence of starch amylose content on SC volume and quality. Two hard wheat flours produced smaller volume (890 and 910 mL) of SC than soft white and club wheat flours of normal starch endosperm, probably because of their much higher protein content and higher proportion of coarse flour particles than soft white and club wheat flours. The small SC volume of hard wheat flours could also be contributed to by their differences in puroindolines, which may give a beneficial effect on cake baking as emulsifiers, from those of soft wheat flours (Morris 2002) .
The protein content of flours exhibited a significant relationship with SC volume (r = -0.651, P < 0.01), but the relationship was no longer significant when the two hard wheat flours with much higher protein content than soft white and club wheat flours were omitted in the correlation analysis. This result indicates that for soft white and club wheat flours, in which protein content is in a relatively narrow range, protein content may not play a significant role in SC quality. The amylose content of soft and club wheat flours, on the other hand, showed a positive relationship with SC volume (r = 0.790, P < 0.001).
Amylose content of starch isolated from wheat flour containing normal starch endosperm including SC flour, Eltan, ORCF102, Cara, Darwin, and Silver ranged from 24.1 to 25.6%, whereas Fig. 1 . Vertical sectional views of sponge cake baked from wheat flour and starch. Sponge cake flour, standard flour for making sponge cake, was a blend of the patent flour of several soft white and club wheat varieties. starch amylose contents of single-null and double-null partial waxy wheat flours were 23.5 and 19.4%, respectively. A much bigger volume of SC was produced from the isolated wheat starch than wheat flour. SC volume of soft white, club, and hard wheat starches of normal and partial waxy starch endosperm ranged from 1,466 to 1,513 mL, showing little variation, possibly because of the limitation of maximum SC volume in the current SC baking test. The inability of the current SC baking test to produce even bigger SC may be responsible for the small variation in SC volume of starches that differ widely in starch amylose content. The amount of starch (100 g) used in replacement of wheat flour for baking SC was much greater than the starch in wheat flour, considering that starch constitutes about 80% of wheat flour. With about 20 g more starch in the formula, therefore, the volume of SC baked from starch, regardless of its source and amylose content, might be close to the maximum volume achievable in the current SC baking test. Still, waxy wheat starch produced much smaller SC than regular and partial waxy wheat starches (Table I) .
Vertical sectional views of SCs baked from wheat flours and starches isolated from their respective flours are shown in Figure 1 . The isolated starch always produced SC of bigger volume and finer crumb structure than wheat flour. Differences in volume between starch and flour SCs were larger in hard, double-null partial waxy, and waxy wheat flours than in soft white wheat flours of normal or single-null partial waxy starch endosperm. In contrast to others, SCs baked from waxy wheat starch or flour exhibited a sunken center, which resulted from the collapse of the crumb after baking during cooling. The collapse of SC was probably caused by the lack of starch retrogradation during cooling and formation of a strong starch gel, which provides structural support to the SC crumb. Even corn and potato starches produced SC of comparable volume and fine crumb structure to the isolated normal and single-null partial waxy wheat starches (Table I, Fig. 1 ). Potato starch, which is well known to possess a much greater pasting viscosity, a slower degree of starch retrogradation, and formation of a softer gel than corn starch, produced a smaller SC than corn starch. These results again proved the significant contribution of starch and its properties on SC volume and crumb grain fineness.
Pasting Properties of Wheat Flour and Starch. Pasting temperature, peak viscosity, final viscosity, breakdown, and setback of 10% (dry basis) wheat flour suspensions measured with a microviscoamylograph are presented in Table II . Wheat flours of normal starch endosperm produced lower peak viscosity, lower breakdown, and higher setback than those of partial waxy and waxy starch endosperms. It is well known that normal starch shows lower maximum starch swelling, lesser starch granule rupture on heating, more amylose retrogradation, and faster and firmer gelation on cooling than partial waxy and waxy wheat starches (Yoo and Jane 2002; . Variations in pasting properties of flour among soft wheat varieties could also be attributed to their differences in starch granule size distribution, crystallinity, branch chain length distribution of amylopectin, and network with other constituents. The pasting temperature, peak viscosity, final viscosity, breakdown, and setback of flour were significantly related to SC volume with correlation coefficients of 0.487 (P < 0.05), -0.476 (P < 0.05), 0.738 (P < 0.001), -0.755 (P < 0.001), and 0.818 (P < 0.001), respectively, indicating the implications of starch properties for SC volume and quality. High final viscosity and setback occur with a high degree of starch retrogradation and gelation during cooling and thus are probably related to the structural supports to the SC crumb structure during cooling, preventing the sunken center of the cake. Pasting properties of 8% starch suspension determined with a microviscoamylograph are presented in Table III . Normal wheat starches had lower peak viscosity and lower breakdown than those of partial waxy and waxy wheat starches. The peak viscosity and breakdown of starch were significantly related to SC volume of wheat flour, with correlation coefficients of -0.832 (P < 0.05) and -0.772 (P < 0.05), respectively. High peak viscosity and breakdown resulted from increased degrees of starch swelling and starch granule rupture during heating, which may be related to the decreased structural support by retrograded and gelled starch, leading to the collapse of SC after oven spring and during cooling. Nakamura et al (2010) reported that peak viscosity and breakdown of wheat flour were not significantly correlated with SC volume, but final viscosity and setback were significantly correlated with SC volume. In this study, however, SC volume showed a significant relationship with final viscosity, breakdown, and setback of flour. No significant correlations between pasting properties and SC volume of starch were observed, probably because of the small variation in SC volume of starches.
Effect of Starch Amylose Content on SC Quality. SCs baked from starches (100 g) of 25, 20, 15, and 10% amylose content, prepared by blending a commercial wheat starch of 25% amylose content and Waxy Pen starch of 0% amylose content, were consistently smaller as amylose content decreased (Fig. 2A) . As starch amylose content decreased with the increased proportion of waxy starch in blends, central depression and coarse crumb grain of SC became more evident (Fig. 2B) , probably resulting from the reduced degree of starch retrogradation and formation of weak gel for providing the structural support to the SC crumb. Amylose content of starch blends was significantly related to their SC volume (r = 0.975, P < 0.05). A positive relationship between amylose content of flour and SC volume was also reported by Nishio et al (2009) .
Effect of Starch Quantity on SC Quality. The volumes of SC baked with various amounts of starch in the formula are summarized in Table IV . There were no evident differences in the volumes of SCs baked with 100, 90, 80, and 70 g of wheat starch. Central depression of SC appeared in SC with less than 70 g of starch in the formula. At 60 g of starch or less, significant reductions in both volume and crumb grain fineness were observed, probably resulting from the lack of retrograded starch molecules and formation of a strong gel network providing structural support to SC. These results indicate that wheat starch of at least 70 g is required to obtain SC of desirable volume and crumb structure.
Effect of Proportion of Wheat Starch and Vital Gluten on SC Quality. The quantitative roles of starch and gluten protein on SC quality were estimated by preparing blends of starch and gluten of various ratios. The volumes of SCs baked from starch-gluten blends (100 g) in replacement of wheat flour in the formula are summarized in Table IV . SCs baked from starch with up to 25% gluten showed no differences in volume and crumb structure. The SC volume started to decrease and crumb structure became impaired at 30% gluten in starch-gluten blends. With 40% gluten in starch-gluten blends, SC exhibited coarser crumb structure. It appears that the decreased SC volume and impaired crumb structure were mainly caused by reduced starch content in the formula rather than increased proportion of gluten, again signifying the role of starch on SC volume and crumb grain structure. z Values are means (n = 2), and different letters within starch and within starch and gluten blend are significantly different (P < 0.05).
CONCLUSIONS
Soft white and club wheat flours of normal, single-null partial waxy, double-null partial waxy, and waxy starch endosperm produced SCs of a large range of volume. Amylose content of both flour and starch showed positive relationships with the volume of SC baked from soft white and club wheat flours. Starch of reduced amylose content isolated from double-null partial waxy and waxy wheat flour, in replacement of wheat flour in the formula, produced smaller SC than normal and single-null partial waxy starches. Starch blends of varying amylose contents produced consistently smaller SC as amylose content decreased, verifying again the significant role of starch amylose content on SC volume. Considering the positive relationships of amylograph final viscosity and setback with SC volume, it is postulated that the released amylose molecules during SC baking rapidly retrograde during cooling and provide a structural support to SC crumb, producing a large volume of SC. SC volume and crumb grain were also influenced heavily by the quantity of starch but little by gluten. At least 70 g of starch or at least 75% starch in the starchgluten blend in replacement of 100 g of flour in the formula was required to achieve the full volume potential of SC. Protein content may play a meager role in SC baking quality of wheat flour by changing the relative proportion of starch rather than its direct implication to and influence on SC baking.
